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Hypothalamic agouti-related protein expression is affected by both acute and chronic 
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Abstract 
 
The central melanocortin system is conserved across vertebrates. However, in birds, little is 
known about how energy balance influences orexigenic agouti-related protein (AGRP) and 
anorexigenic pro-opiomelanocortin (POMC) expression, despite the fact that commercial 
food restriction is critical to the efficient production of poultry meat. To enable contrasts to 
be made between levels of food restriction, between hens with the same body weight but 
different feeding experience, and between hens moved from restricted feeding to ad libitum 
feeding for different periods, five groups of broiler-breeder hens were established between 
six and 12 weeks of age with different combinations of food restriction and release from 
restriction. AGRP and neuropeptide Y (NPY) expression in the basal hypothalamus was 
significantly increased by chronic restriction but only AGRP mRNA levels reflected recent 
feeding experience: hens at the same body weight which had recently been on ad libitum 
feeding showed lower expression than restricted birds. AGRP expression also distinguished 
between hens released from restriction to ad libitum feeding for different periods. In contrast, 
POMC and cocaine- and amphetamine-regulated transcript (CART) mRNA levels were not 
different. These results demonstrate for the first time in birds that although AGRP mRNA 
reflected differences between a bird’s weight and its potential weight or set point, it also 
discriminated strongly between differing acute experiences of food intake at the same body 
weight. Therefore AGRP expression potentially provides an integrated measure of food 
intake experience and an objective tool to assess a bird’s perception of satiety in feeding 
regimes for improved poultry welfare.  
 
 
  
Introduction 
 
The existence of a neuronal network that regulates food intake and energy balance in the 
hypothalamic arcuate nucleus of vertebrates is well established and involves the central 
melanocortin system (1). Melanocortin signalling within the hypothalamus is mediated by 
melanocortin 3 and 4 receptors (MC3R and MC4R) in the paraventicular nucleus that exert 
inhibitory effects on food intake and body fat content (2, 3). Two main melanocortin receptor 
(MCR) ligands have been implicated in the action of the receptors on energy balance in the 
hypothalamus. Agouti-related protein (AGRP) exerts an antagonistic action on the MC3R and 
MC4R (4) and therefore induces obesity when it is genetically over-expressed, and stimulates 
food intake after injection into the brain (5, 6). In contrast, -melanocyte-stimulating 
hormone (-MSH), encoded by the pro-opiomelanocortin (POMC) gene, acts as an agonist 
on MCRs and inhibits food intake after central administration (7, 8).  The neurons expressing 
AGRP and POMC are present in two distinct populations within the arcuate nucleus and co-
express neuropeptide Y (NPY) and cocaine-and-amphetamine-regulated transcript (CART), 
respectively (1). The appetite-stimulatory AGRP/NPY and inhibitory POMC/CART cells are 
sensitive to energy status because they express receptors for hormones such as leptin and 
insulin and have access to blood-borne nutrients such as glucose, fatty acids and amino acids 
(9). AGRP/NPY and POMC/CART gene expression are, respectively, up- and down-
regulated by food deprivation (10, 11) and the frequency of action potentials was increased in 
AGRP/NPY neurons of food-deprived mice recorded in vitro (12). The regulatory effect of 
leptin in coordinating this response in mammals has received particular attention (12, 13). 
 
Although best characterised in mammals, the melanocortin system is evolutionarily ancient, 
with components being detectable in elephant sharks (Callorhinchus milii) and sea lampreys 
(Petromyzon marinus) as well as in several teleost fish species (14, 15). The involvement of 
the melanocortin system in regulating energy balance has also been conserved: transgenic 
overexpression of AGRP in zebrafish resulted in obesity (16). Among non-mammalian 
amniotes, the melanocortin system of birds has been best studied (17, 18). Five melanocortin 
receptors have been cloned in the chicken, including the MC3R and MC4R (19, 20). AGRP 
and POMC have been localised in the arcuate nucleus of the domestic chicken (Gallus 
gallus), Japanese quail (Coturnix japonica), and ring dove (Streptopelia risoria) (21-25). The 
avian arcuate nucleus was formerly known as the infundibular nucleus (26) but current 
nomenclature favours the use of the mammalian name for this structure (27). The high degree 
of evolutionary conservation of the neuroendocrine network is emphasised by co-expression 
in the Japanese quail arcuate nucleus of AGRP and NPY mRNAs in individual neurons, 
corresponding to the situation in mammals (22). Melanocortin system function also appears 
to be conserved between birds and mammals because AGRP, -MSH, and the -MSH 
agonist melanotan-II (MT-II) exert opposing stimulatory (AGRP) and inhibitory (-MSH, 
MT-II) effects on food intake after exogenous administration in several avian species (28-31). 
Also, biosynthesis of AGRP and NPY mRNAs and peptides are increased after food 
deprivation in the domestic chicken, Japanese quail and ring dove (23, 30, 32). Increased 
food intake after fasting in birds appears to be mediated primarily by upregulation of AGRP 
and NPY expression because no significant changes in POMC or CART expression were 
observed in Japanese quail and domestic chickens after a fast (33). Although AGRP and NPY 
expression are nutritionally sensitive in birds, the regulation of their expression, together with 
that of other arcuate nucleus neuropeptides, is uncertain because birds appear to lack a leptin 
ortholog (34-36).  
 
In contrast to mammals, there has been relatively little work on melanocortin system and 
other arcuate nucleus neuropeptides in birds, particularly in relation to the effects of chronic 
food restriction (as distinct from acute food deprivation/ fasting). We used broiler breeder 
chickens as a model for investigation, because they are routinely food restricted in the poultry 
industry, leading to concerns that hunger impairs their welfare (37). Broiler breeders are the 
parents of broiler chickens, which are reared for meat, accounting for over one third of the 
world’s agricultural animal protein production (38). The genetic loci under selection for high 
food intake and growth rate in broiler chickens also influence reproduction (39) and the 
reproductive performance of fully-fed broiler breeder chickens is impaired, in part from an 
over-activity of the reproductive axis (40). Thus, routine food restriction of breeders during 
the growth phase improves reproductive performance and the birds’ overall health but is seen 
in itself as impairing welfare, the so called ‘broiler breeder paradox’ (41). During the rapid 
growth phase (assessed in the present study) this represents around 25% of ad libitum intake, 
but is much milder during the egg laying period from around 20 weeks of age. To explore 
methods to optimise the level of food availability in relation to reproductive performance but 
balanced against animal welfare concerns, it would be useful to define internal markers of 
feeding motivation in chickens. Specific experimental activation of AGRP neurons in mice 
has recently been shown to increase motivation for feeding and promote food-seeking 
behaviour (42, 43). We reasoned that because AGRP expression is increased after food 
deprivation in mammals and birds as part of a counter-regulatory response to energy deficit, 
its expression may also be increased in chickens that are under-weight during the growth 
phase as a result of chronic food restriction, and would vary in proportion to the amount of 
restriction imposed and also in response to re-feeding. To take this further we also set out to 
assess the sensitivity of AGRP expression as an indicator of recent feeding history in groups 
of chickens that had experienced either food restriction or a period of re-feeding following 
restriction, but which had attained the same body weight. While the dynamics of changes in 
AGRP and POMC gene expression following food deprivation or restriction and re-feeding 
have been studied in several mammalian species (44-47), little information is available in 
non-mammalian vertebrates, and we are not aware of investigations in any vertebrate that 
have examined the effect on the melanocortin system of recent feeding history in animals at 
the same body weight. 
 
Using this approach, we demonstrate in the present study that AGRP expression in broiler 
breeder chickens is closely associated with the level of food restriction and responds rapidly 
to re-feeding. The level of AGRP gene expression also allows discrimination between hens at 
the same body weight but with different recent experience of food restriction or re-feeding. 
 
Materials and methods 
 
Animals 
 
Female broiler breeders (Ross 308 line) were housed three to a pen with four pens per 
treatment (n=12/treatment). Lighting, nutritional composition of the food, and dietary 
restriction from day-old to six weeks of age was implemented according to the 2007 
management manual (http://en.aviagen.com/ross-308/). Briefly, a starter (19% crude protein) 
and a grower diet (15% crude protein) with an energy density of 11.7 MJ/kg was fed from 0-4 
and 4-12 weeks of age, respectively. In the standard commercial protocol, these diets are 
available ad-libitum from 0-1 week and thereafter step-wise to 44 g/bird/day at 6 weeks of 
age and 58 g/bird/day by 12 weeks of age.  Management procedures from six weeks are 
provided below for each experiment. The experiment was performed under a United 
Kingdom Home Office Project Licence and birds were humanely killed as specified in 
Schedule 1 of the United Kingdom Animals (Scientific Procedures) Act 1986. 
 
 
Experiment 1 
 
This experiment was designed to contrast commercial restriction (R) with ad libitum feeding 
(AL) and to highlight those genes which had the greatest potential to act as markers. 
From six weeks of age, hens were subjected to two treatments. Half the pens were maintained 
on the recommended restricted diet (R), temperature and lighting regime 
(http://en.aviagen.com/ross-308/) and half were maintained on the recommended diet and 
temperature but were given ad libitum access to food (AL). All hens were killed over two 
days (see description for Experiment 2, below) at 12 weeks of age.  
 
Experiment 2 
 
This experiment was designed to contrast the effects on marker gene expression of feeding 
history during the rapid growth phase. It included a comparison between hens at the same 
body weight that had experienced different feeding histories of either ad libitum feeding, or 
restricted feeding in the two weeks prior to killing.  
 
From six weeks of age hens were subjected to five treatments: 
1) Ad libitum (AL) 
2) Maintenance on a commercial quantitative restriction programme (R). 
3) Maintenance on a commercial quantitative restriction programme before being fed ad 
libitum for two days prior to death (R+2d). The beginning of ad libitum feeding was 
staggered to match the dates the hens were killed (see below). 
4) Maintenance on two times the commercial quantitative restriction programme (2R) to 
achieve a body weight intermediate between the AL and R groups.   
5) Feeding to a body weight intermediate between commercially restricted and ad libitum-fed 
hens based on growth trajectories in previous experiments. This was achieved by 
maintenance on a commercial quantitative restriction programme (R) to approximately 10 
weeks of age followed by ad libitum feeding for the final 14 days (R+14d).  
All birds were humanely killed at 12 weeks of age. Because a limited number of dissections 
could be performed in a day, birds were killed over two days in Experiment 1 and four days 
in Experiment 2. Dissections took place throughout the day from 1.5 hours after lights-on 
until the early dark phase, 8 hours after lights on. This was after the daily food ration had 
been provided to the restricted birds.  Individual hens were dissected from each treatment in 
turn to minimise the effects of sampling time. For the groups released onto ad libitum 
feeding, the day of release was adjusted in relation to the day an individual was killed. 
Food intake was averaged over the week prior to the end of the experiment adjusted for date 
of death. The exception was for the R+2d group, which was averaged over the two days prior 
to the end of the experiment. 
 
RNA isolation and reverse transcription 
The basal hypothalamic dissection procedure used has been previously described (48). The 
anterior pituitary gland and neural lobe were removed and the basal hypothalamus was 
isolated by making incisions at the caudal margin of the optic chiasma and rostral to the roots 
of the oculomotor nerves. The dissection extended laterally 1 mm either side of the third 
ventricle and dorsally 2 mm from the surface of the median eminence. The tissue was 
dissected immediately after death, frozen in liquid nitrogen, and stored at -80°C. RNA was 
extracted from up to 100 mg of tissue using Ultraspec II reagent (AMS Biotechnology, 
Abingdon, UK) and Lysing Matrix D tubes in a FastPrep Instrument (MP Biomedicals, 
Cambridge, UK). Total RNA was reverse transcribed using NotI-(dT)18 primer and a First-
Strand cDNA synthesis kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK) 
according to the manufacturer’s protocol. cDNA samples were diluted x15 for use in real-
time PCR 
 
 
Real-time PCR (RT-PCR) assays 
 
Gene specific primers were designed using Primer3 (49) to amplify products of 
approximately 200 bp across intron/exon boundaries. AGRP was amplified using forward 
primer 5’- AGGCCAGACTTGGATCAGATG (positions 220-240 of NM_001031457) and 
reverse primer 5’- ACTCCAGGAGGCGGACAC (positions 362-379); for POMC the 
forward primer was 5’- AACAGCAAGTGCCAGGACC (positions 88-106 of 
NM_001031098) and the reverse primer 5’- ATCACGTACTTGCGGATGCT (positions 214-
233); for NPY the forward primer was 5’-TGGAAAGAGATCAAGCCCA (positions 230-
248 of NM_205473) and the reverse primer 5’- CAATGGCTGCATGCACTG (positions 
416-433); and for CART the forward primer was 5’-GCCGCACTACGAAAAGAAGT 
(positions 192-211 of XM_003643097) and the reverse primer 5’-
GAAAGGAGTTGCACGAGGTGC (positions 299-319). The chicken lamin B receptor gene 
was used as a control gene for normalisation, amplified by forward primer 5’ – 
GGTGTGGGTTCCATTTGTCTACA (positions 1464-1486 of NM_205342) and reverse 
primer 5’- CTGCAACCGGCCAAGAAA (positions 1526-1543). Standards were produced 
by gel purification of PCR products using a QIAquick gel extraction kit (Qiagen Ltd., 
Crawley, West Sussex, UK) and their concentration was measured using a NanoDrop 
spectrophotometer (Thermo Fisher Scientific, Loughborough, Leicestershire, UK). Serial 
dilutions of standards were made to create standard curves for real-time PCR quantification. 
Real-time PCR reactions were run on an MX3000p real-time PCR machine (Agilent 
Technologies, Cheshire, UK) using the following conditions: 95
o
C for 2 min, 40 cycles of 95 
o
C for 15 s, 60
o
C for 30 s. Real time PCR reactions (25 µl) were run using 10 µl cDNA 
template together with SYBR green master mix (VHBio Ltd, Gateshead, UK) and gene 
specific primers (100 nM). No-template controls were also included. Samples and standard 
curves were run in duplicate on the same 96-well plate. Standards were diluted to produce top 
standards detectable after approximately 15 PCR cycles. Assays were analysed using MxPro 
software (Agilent Technologies) and neuropeptide expression was expressed as a ratio in 
relation to lamin B receptor expression (50) measured in the same samples. 
 
 
Statistical analysis 
 
ANOVA was used for statistical analysis of data using Genstat 12th edition (VSN 
International Ltd, Oxon, UK). Log transformation of the corrected values was used to give 
approximate normality and consistency of variances of the residual values after model fitting. 
In Experiment 1, hens were killed over two days and in Experiment 2, over four days. Hens 
in each treatment were housed in four pens: in Experiment 2 this level of variance was 
confounded with day of kill.  Additionally two assay runs were used in the RT-PCR assay of 
mRNA in Experiment 2. These sources of variance were accounted for in the ANOVA. 
Where appropriate, post hoc comparisons were made using least significant differences. The 
level of significance was P<0.05. 
 
 
Results  
 
Experiment 1 
As expected, the body weight of restricted (R) hens was significantly lower than that of the 
hens fed ad libitum (AL) (1467 vs. 3458 g; P<0.001) and, at 12 weeks of age, food intake of 
the R hens was approximately 27% of that eaten by the AL hens (232 g/day vs. 58 g/day) 
(Fig. 1).  Neuropeptide mRNA measurements in this experiment focused on AGRP and 
POMC expression in the basal hypothalamus. Food restriction resulted in an approximately 
58-fold increase in the expression of AGRP (P<0.001) but no difference was observed in 
POMC expression between treatments.  
 
 
Experiment 2 
 
The aim of producing groups of hens with the same body weight but different feeding 
histories was achieved (Table 1 and Fig. 2). As in Experiment 1, the mean body weights of 
AL and R hens (3563±62 g and 1410±32 g, respectively) were strongly significantly different 
(P<0.001) but, as intended, they were the same in the R+14d and 2R groups (2255±42 g and 
2272±44 g. respectively; Table 1 and Fig. 2). In general individual hens from food restricted 
groups showed fat stores that were greatly reduced in comparison to the ad libitum-fed group 
and were too small for routine dissection. There were some differences in specific organ 
weights between the R+14d and 2R groups (Table 1). The 2R group had lower mean pituitary 
and oviduct weights and a longer mean tarsus length than the R+14d group. Mean body 
weight was different between the R and R+2d groups (1410±32 g and 1732±29 g, 
respectively) but the difference was accounted for by the weight of food (approximately 300 
g) removed from the food storage organ, the crop, of the hens at post mortem. Food intake 
averaged over the days immediately prior to the end of the experiment was R, 58 g/bird/day; 
2R, 116 g/bird/day; R+14d, 203 g/bird/day; R+2d, 234 g/bird/day; AL, 227 g/bird/day. 
 
As in Experiment 1, there was a large difference (167-fold) in the expression of AGRP in the 
basal hypothalamus between AL and R hens (Fig. 3A). The expression level of AGRP in 2R 
hens was between that in AL and R hens (although it was closer to AL). Post hoc tests 
demonstrated significant differences in AGRP expression between all of the feeding 
treatments (minimum P<0.01). Specifically, the level of expression in the 2R group was 
higher than in the R+14d group, and the expression level in the R group was higher than in 
the R+2d group. However both these pairs of groups had the same body weight (Fig. 2). 
There was a gradation in the level of expression dependent on the duration of the release from 
food restriction (i.e. the duration of ad libitum feeding prior to death), with the AL group 
being lower than in the R+14d group, and the R+2d group showing the highest expression. 
Neuropeptide mRNA measurements in Experiment 2 were extended to include NPY and 
CART. For NPY (Fig. 3B), the general pattern of expression was similar to what we observed 
for AGRP. However the differences in NPY expression were of lesser magnitude, with an 8-
fold difference between the AL and R groups compared with a 167-fold difference for 
AGRP. Also, no significant differences were observed between the 2R and R+14d groups, 
which had similar mean body weights but different feeding histories. In contrast to AGRP 
and NPY, we observed no significant treatment effect for POMC and CART mRNAs (Fig. 
3C and D). The birds that were on the highest level of restriction (R), and those just released 
(2R), had high variability in POMC expression. However, when we performed correlation 
analysis between gene expression and body weight within the AL and R groups, we found no 
significant correlations for POMC or any of the other neuropeptides we measured.  
 
Discussion 
 
For the first time in birds we have demonstrated that AGRP gene expression in the basal 
hypothalamus is elevated after chronic quantitative food restriction. Moreover, AGRP 
appears to be an integrated measure of the chronic and acute feeding state, being affected by 
both the difference between actual and potential body weight, and the acute feeding history 
over a number of days. The level of AGRP expression in hens of the same body weight was 
lower in hens with recent access to ad libitum food.  Conversely the expression of POMC and 
CART were unaffected by differences in acute or chronic quantitative food restriction. 
The expression of NPY showed a similar pattern of expression to AGRP but the changes 
were smaller in magnitude and the ability to discriminate between the different treatments 
was reduced. 
 
Our findings extend observations of changes in AGRP, NPY and POMC and CART 
biosynthesis in relation to acute food deprivation (24-48 h) in birds to the situation of 
prolonged food restriction. AGRP and/or NPY mRNA and immunoreactivity were increased 
following food deprivation (24-48 h) in Japanese quail, ring doves, and chickens (23, 24, 33) 
while POMC and CART mRNA was decreased or unchanged (23, 33, 51). Also, the number 
of observable AGRP-immunoreactive cell bodies was increased in the ring dove arcuate 
nucleus in the post-hatch phase of the breeding cycle when the parent birds are in negative 
energy balance (24). Our findings from the present study suggest commonality between the 
acute and chronic regulation of arcuate nucleus neuropeptide genes in birds, with energy 
deficit consistently inducing increased expression of AGRP and NPY. Moreover, the level of 
AGRP and NPY expression corresponded to the level of food restriction and returned 
towards baseline after two days’ re-feeding. More variable results have been obtained in 
mammalian studies. For example, AGRP and NPY expression was increased after prolonged 
food restriction in sheep, Siberian hamsters (Phodopus sungorus), rats, and golden spiny 
mice (Acomys russatus) (44, 46, 52, 53). However, in other rat studies, no effect of chronic 
restriction on AGRP and NPY expression was reported (45, 47). Also, whilst AGRP and 
NPY expression were increased after chronic food restriction in rats, only NPY mRNA levels 
were decreased after two days’ re-feeding (54). In comparison, the broiler breeder chicken 
appears to be a particularly responsive model for investigating the dynamics of AGRP and 
NPY expression in relation to body weight and re-feeding. Our observations of unchanged 
POMC and CART gene expression after food restriction suggest that orexigenic drive to the 
MCR is provided primarily by increased biosynthesis of AGRP and NPY during food 
restriction rather than through decreased anorexigenic drive from reduced POMC and CART 
synthesis. With a relatively small sample size Hen et al. (31) observed a significant decrease 
in POMC expression after 50% food restriction of one-month-old broiler chickens for one 
week suggesting that decreased anorexic drive from POMC neurons may be relevant under 
some experimental conditions. 
 
Our measurements in the present study were focused on neuropeptide gene expression so that 
the extent to which changes in mRNA are reflected in altered neuropeptide protein synthesis 
is uncertain. However, the available evidence from birds indicates that AGRP-like and NPY-
like immunoreactivity is detectable and that changes in immunoreactive cell numbers reflect 
nutritional state (24, 55). As in mammals, NPY has been demonstrated to be co-expressed 
with AGRP in individual arcuate nucleus neurons in Japanese quail (22). As we had observed 
previously in older hens (56) a difference in NPY expression between ad libitum-fed and 
food-restricted hens was clearly apparent, with the restricted-fed hens having 8-fold higher  
expression. However NPY mRNA measurement was unable to discriminate significant 
differences between the2R and R+14d groups. However, unlike AGRP, which is expressed 
only in the arcuate nucleus, NPY is expressed in other hypothalamic nuclei within our basal 
hypothalamic dissection, and it may be this dilution that has reduced the sensitivity of 
measurement in comparison with AGRP. This could be confirmed with in situ hybridisation 
studies. 
 
Our observations indicate that AGRP and NPY expression is closely associated with 
nutritional status, both in relation to food restriction and re-feeding. In the hypothalamus in 
mammals, signalling of AGRP/NPY neurons is closely linked to local energy sensing 
pathways such as AMP-activated protein kinase (AMPK) and mammalian target of 
rapamycin (mTOR), the activities of which, in turn, are influenced by circulating metabolic 
hormones such as ghrelin and leptin, and by nutrients such as glucose and amino acids (57-
59). There is evidence that the AMPK pathway has been conserved in chickens (60), and in 
broiler chicks the amount of phosphorylated AMPKα was significantly increased after food 
deprivation and subsequently reduced by re-feeding in parallel with changes in AGRP and 
NPY (but not POMC and CART) gene expression (33). While leptin and ghrelin are 
important nutritional signals to hypothalamic neurons in mammals their status in birds is 
much less clear. The leptin gene appears to be absent from avian genomes (34, 36) and 
central infusion of mammalian leptin did not influence AGRP gene expression in broiler 
chickens (61). Also, although ghrelin is expressed in birds, its effect on food intake is 
inhibitory rather than stimulatory as in mammals (62) and this extends to an inhibitory, rather 
than stimulatory, action of AMPK activity after icv injection of ghrelin in chickens (63). The 
role of insulin in regulating AGRP and NPY expression is worthy of further investigation 
because central administration of insulin decreases food intake in chicks, and co-localisation 
of insulin receptors and NPY has been observed in arcuate nucleus neurons in the chick brain 
(64, 65). Also, Song et al. (33) observed that circulating insulin concentrations were 
decreased during food deprivation, when AGRP and NPY expression was increased, and 
AGRP and NPY mRNA levels and were normalised along with plasma insulin concentrations 
after re-feeding. A pronounced effect on AGRP gene expression was observed after re-
feeding in the present study. AGRP mRNA differed significantly between hens of the same 
body weight that had been food-restricted compared to previously restricted hens that had fed 
freely for two weeks before sampling. Also, AGRP expression was markedly and 
significantly decreased following two days’ ad-libitum re-feeding of restricted hens. These 
effects may have been mediated by circulating hormones and/or nutrients, but the possibility 
that gut-brain signalling may also play a role is raised by the observation that hypothalamic 
AGRP gene expression was increased in fast-growing chicken genotypes with alleles for 
reduced expression of the cholecystokinin A receptor (CCKAR) (66). 
 
Our observations of increased AGRP and NPY gene expression in restricted hens, together 
with the known anabolic effects of the respective peptides in birds (28, 29), are consistent 
with increased AGRP and NPY signalling being part of a compensatory drive to restore body 
weight to a defended set point (or range, (67)). Because we performed the experiment during 
the growth phase, the differences in body weight we observed were due not only to reduced 
fat stores in restricted birds (which were minimal) but also to increased growth in ad libitum-
fed birds of all bone and body organs measured, together with early development of the 
reproductive system (increased oviduct weight). However, the fact that AGRP and NPY 
expression were significantly decreased and approaching baseline levels in the re-fed R+2d 
group, which had an equivalent body composition and growth stage to the fully restricted R 
group, indicates that changes in AGRP and NPY expression are driven primarily by changes 
in nutritional state rather than simply being associated with a particular stage of growth or 
reproductive development. The comparison between the 2R and R+14d groups revealed that 
recent feeding history could be discriminated by measurement of AGRP, but not NPY, gene 
expression because AGRP mRNA was significantly lower in the R+14d group. 
In conclusion, both AGRP and NPY gene expression provide an indication of how far a bird 
has deviated from its defended body weight and, uniquely, AGRP expression potentially 
provides an integrated measure of food intake experience. If AGRP expression was only a 
short-term indicator of satiety, then we would not have observed differences between ad 
libitum-fed hens with different histories of restriction. Similarly, if AGRP mRNA level was 
solely a long-term indicator of drive towards a defended body weight, then we would not 
have observed differences between hens at the same body weight but with different access to 
food. Thus AGRP is a potential marker of an integrated level of satiety that mirrors 
behaviours such as increased foraging in hens given similar levels of food restriction. As such, 
it would allow us to evaluate the effect of interventions aimed at improving the welfare of 
food-restricted chickens in the context of the ‘broiler-breeder paradox’, where food restriction 
is necessary to improve the birds’ health and reproductive performance, but causes hunger 
(68, 69). For example, a reduction in AGRP expression in birds fed diets containing fibre (70), 
and therefore experiencing more gut-fill, would suggest that they are more satiated (less 
hungry). It may also be possible to understand how the degree of satiety indicated by AGRP 
expression interacts with the varying level of restriction used in the poultry industry, which is 
around 25% at 12 weeks of age and is reduced as the hens reach sexual maturity. Before we 
can be sure of these points though, we need to understand better the relationship between 
AGRP expression and behaviour and, in particular with feeding motivation (71, 72) which is 
an important measure in relation to animal welfare (73). 
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 Legends 
 
Fig. 1  Comparison of a) body weight, b) food intake, and basal hypothalamic expression of 
c) AGRP and d) POMC mRNA in food restricted and ad libitum-fed broiler breeder hens at 
12 weeks of age (n=12). Bars represent standard error of the mean. Statistical differences 
between the treatments are represented where appropriate on the graphs. AGRP and POMC 
gene expression are expressed as a ratio of expression of LBR in the same samples.  
 
 
 
Fig. 2  Body weight trajectories of hens fed ad libitum (AL ●); maintained on a commercial 
quantitative restriction programme (R ○); maintained on a commercial quantitative 
restriction programme before being fed ad libitum for two days prior to death (R+2d ▼); 
restricted to a body weight intermediate between R and AL birds by being fed ad libitum 2 
weeks prior to death (R+14d ∆); or maintained on two times the commercial quantitative 
restriction programme to achieve a body weight intermediate between the AL and R group 
(2R ■). All treatments were applied from 6 weeks of age; prior to that all hens were 
maintained on a restricted diet. Note that the difference between body weight at R and R+2d 
is due to the weight of food in the crop.  
 
 
 
 
 
 Fig. 3  Expression in the basal hypothalamus of hens subject to the treatments in Fig. 2 of A) 
AGRP. Individual comparisons were all significant at P<0.001 except R vs. R+2d and R+2d 
vs. 2R which are significant at P<0.01. B) NPY . Individual comparisons were all significant 
at P<0.01 except AL vs. R+14d which was significant at P<0.05. The difference between 2R 
or R+2d and R+14d was not significant.  C) POMC. ANOVA showed no significant effect of 
treatment.  D) CART  . ANOVA showed no significant effect of treatment.  The dark-filled 
columns indicate groups fed ad libitum at the time of sampling and the grey columns the 
groups on different levels of restriction. The braces indicate comparisons where the hens had 
the same body weight  but differed in their access to food at the time of sampling, i.e. ad 
libitum or restricted.  
 
 
